The recent development of organic light emitting diodes ͑OLEDs͒ has revealed that organic semiconductors have high potential for use as light emitting devices because of their high emission efficiency and various emission colors. 1, 2 Improving the durability of OLEDs under continuous operation, however, is still a significant issue for practical device applications, although various efforts reported in previous studies have improved the durability of the devices by a fair amount. [3] [4] [5] [6] [7] [8] [9] [10] These efforts can be classified into two major areas. First, some of the efforts focused on lowering the carrierinjection barrier between an electrode and an organic layer. For hole injection, the insertion of a thin phthalocyanine 11 or a starburst polyamine 12 layer between an anode and a hole transport layer ͑HTL͒ is a well-established method for reducing the hole-injection barrier. Furthermore, for electron injection, the reduction of electron injection barrier has been achieved by inserting 0.5-nm-thick alkaline or alkaline earth compounds between a cathode and an electron transport layer ͑ETL͒. 13, 14 These reductions of the injection barrier improved device durability as well as decrease of the driving voltage. 15 Another significant development resulted from the doping highly fluorescent molecules into emitter layers at a concentration of typically 1-5 mol %. It was revealed that the doping of emitter layers with fluorescent molecules not only enhanced the electroluminescence ͑EL͒ quantum efficiency (⌽ EL ) by a factor of 1-3, 11 but also considerably enhanced device duration. [4] [5] [6] [7] [8] [9] [10] Even though the mechanism that enhances duration is still unclear, the addition of a small amount of dopant molecules such as quinacridone 8 derivatives, rubrene, 5 and perylene 7 was shown to improve considerably the device performance. Moreover, Hamada et al. 4 recently reported that the control of doping sites dramatically altered duration characteristics. The doping of the HTL, in particular, was found to improve the half decay time of the initial luminance (T 1/2 ) by a factor of 154 compared with that of undoped devices.
In our study, we further expanded the possible doping methods. In addition to the doping of either the EML or HTL, we doped both layers simultaneously. We observed that the doping of both layers greatly enhanced the device duration compared with the doping of either HTL or EML. In this study, we selected N,N,NЈ, NЈ -tetra-tolyl-1,1Ј-diphenylsulphide-4,4Ј -diamine ͑TPDS͒ as the HTL, because TPDS showed inferior duration characteristics in our preliminary study and we can expect large enhancement of the device duration by a doping method. In addition, TPDS has unique optical property, both fluorescence and phosphorescence, which will be useful for a future detailed study of the degradation mechanism due to the triplet excited state. In this letter we mention the possible mechanisms of the duration enhancement.
We fabricated four different cell structures ͑HIL is a hole injection layer and EML is an emitter layer͒: Device A: anode/HIL/HTL/EML/cathode; Device B: anode/HIL/ HTL؉dopant/EML/cathode; Device C: anode/HIL/ HTL/EML؉dopant/cathode; Device D: anode/HIL/HTL ؉dopant/EML؉dopant/cathode. In devices B, C, and D, the doping areas were changed systematically. After the solvent treatment ultrasonically and oxygen plasma ashing of an indium-tin-oxide ͑ITO͒ film coated glass substrate ͑15⍀/ᮀ͒, we successively deposited three organic layers, HIL ͑15 nm͒, HTL ͑60 nm͒, and EML ͑75 nm͒ on the ITO substrate in a vacuum of 2ϫ10 Ϫ6 Torr. In this experiment, we set the dopant concentration at 5 mol % with respect to the host molecules. A copper phthalocyanine ͑CuPc͒ and TPDS were used as the HIL and HTL, respectively ͑Fig. 1͒. Tris ͑8-hydroxyquinoline͒ aluminum ͑Alq͒ was used as the EML and rubrene as a guest dopant. Both Alq and rubrene were carefully purified by train sublimation 16 before use. Finally, a Mg-Ag cathode layer ͑200 nm͒ was deposited on the EML. After the fabrication of OLED devices, we immediately transferred the devices to a test tube. 17 The atmosphere of the tube was replaced with dry nitrogen (N 2 ) gas three times and kept under an excess pressure of dry N 2 with fresh P 2 O 5 as a desiccant. The characteristics of the OLEDs device durability were examined by applying a constant current density of J ϭ10 mA/cm 2 . Table I summarizes initial device performance: initial luminance (L 0 ), initial voltage (V 0 ), energy conversion efficiency (⌽ energy ), and EL quantum efficiency (⌽ EL ) at J ϭ10 mA/cm 2 . In devices B, C, and D, ⌽ EL was 1.62-1.95 times higher than that of the undoped device ͑device A͒. This result is in good agreement with previous reports 5, 18 where N,NЈ-diphenyl-N,NЈ-bis͑3-methylphenyl͒-1,1Ј-biphenyl-4,4Ј-diamine ͑TPD͒ was used as the HTL. Figure 2 shows luminance decay with time for the four devices. The vertical axis shows normalized luminance (L/L 0 ), which is luminance divided by the individual initial luminance (L 0 ). In the undoped device, T 1/2 ͑the half decay of L 0 ) was extremely short ͑only 16 h͒, while T 1/2 was prolonged to 190 h by doping the HTL ͑device B͒. Furthermore, the duration characteristic was significantly improved by doping the EML ͑device C͒, and resulted in T 1/2 of over 1000 h. Finally, we observed that the doping of both the HTL and the EML considerably improved the device durability. After the rapid drop of luminance ͑15%͒ during the initial 200 h, constant luminance was successfully maintained even after 1000 h of continuous operation. The inset in Fig. 2 shows the variation of driving voltages over time in the four devices. Although a rapid increase in voltage was observed in device A, the doped devices, devices B, C, and D, showed a rather slow rise after the initial rapid increase within 20 h. In the case of device D, in particular, the voltage increase was well suppressed within 1.1 V after 1000 h of continuous operation. Thus, we found that doping both the HTL and the EML significantly stabilized both the luminance decay and the voltage increase.
Here, we discuss the possible mechanisms of the durability enhancement resulting from doping. We first mention mechanisms from the aspect of the stability and reactivity of singlet (S 1 ) and triplet (T 1 ) excitons of Alq, TPDS, and rubrene molecules, based on the EL spectra of four devices as shown in Fig. 3 . In the undoped device ͑device A͒, because the EL spectrum is composed of only Alq ͓Fig. 3͑A͔͒, the holes and the electrons recombine primarily inside Alq, and S 1 and T 1 excitons of Alq are produced with the branching ratio of 1:3 ͑if we assume that the prediction of quantum mechanics is correct͒. 19 The S 1 excitons then decay promptly with the radiation of fluorescence ͑EL͒ or nonradiatively, and also the T 1 excitons similarly decay nonradiatively. 20 In device C with the rubrene-doped Alq layer, on the other hand, the EL spectrum consisted completely of rubrene's fluorescence, thus holes and electrons were trapped by rubrene molecules and the recombination occurred selectively on them and/or carrier recombination occurred primarily inside Alq, successive creation of the excitons and Förster energy transfer from Alq to a rubrene molecule occurred. In any case, both processes resulted in the rubrene emission. In device B with the rubrene-doped TPDS layer, furthermore, the EL spectrum was composed primarily of the rubrene's fluorescence and the small component of Alq, suggesting that the carrier recombination and EL emission occurred inside the TPDS/rubrene composite and Alq layers. In this device, the duration enhancement factor was smaller (T 1/2 ϭ190 h) than that of device C. Moreover, the definitive enhancement effect of doping both layers appeared in device D, of which the EL was completely composed of the rubrene emission. Based on these EL spectra, we can recognize that the suppression of Alq's states resulted in the enhancement of the device duration, suggesting that the excited states of rubrene molecules are more stable than that of Alq. Thus, there is a FIG. 1. Tetra-phenyl-1,1Ј-diphenylsulphide-4 ,4Ј-diamine ͑TPDS͒ as HTM. possibility that some of the S 1 and/or the T 1 excitons becomes a precursor of ͑electro-͒ chemical reactions; for example, the reactions with the radical anion and cation of Alq, producing reaction products that may act as a quencher of Alq excitons. In particular, it has been well established that T 1 states could be the precursor because of the long lifetime characteristic of T 1 excitons. 21 In addition, since doping TPDS layer surely enhanced the device duration ͑devices B and D͒, the suppression of the excited states of TPDS is also expected to contribute to the enhancement in a similar manner as the control of Alq excitons. In our previous study, 18 the penetration of electrons into HTL͑TPD͒ and successive creation of TPD excitons were suggested in a TPD/Alq device. Upon the rubrene doping of a TPD layer, furthermore, the transition of electron hopping sites from TPD to rubrene was confirmed. Thus, it seems feasible that the doped TPDS layer well suppressed the creation of TPDS excitons. Moreover, we have already observed that the molecular structures of the hole transport materials ͑HTMs͒ greatly influenced the device duration in undoped devices.
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While 4,4Ј-bis-͓N-͑1-naphthyl͒-N-phenylamino͔-biphenyl ͑␣-NPD͒ 9 and 4,4Ј-bis-͓N-(9-phenanthyl)-N-phenylamino͔-biphenyl ͑PPD͒ 22 having condensed aromatic rings were confirmed to exhibit rather stable duration, N,N,NЈ,NЈ-tetra-tolyl-1,1Ј-cyclohexyl-4,4Ј-diamine ͑TPAC͒, 23 and TPDS were revealed to show inferior duration characteristics. It seems probable that such dependencies of HTMs are closely related to the stability of HTM's excited states.
Finally, we should mention that rubrene has been proved to be extremely stable in reduction and oxidation process in a cyclic voltammetry measurement. 24 This property directly assures that the radical species are stable in carrier transport process, both hole and electron transport, and contributes to the enhancement of the device stability. Also, we should mention that there is another possibility that could enhance the device duration. Besides the electrochemical stability of the host molecules, the enhanced morphology of host layers as a result of the doping should also be considered. It has already been pointed out that doping the host layers stabilizes the morphology of organic thin films. 5 Doping both layers in particular should lead to further overall stability of the films' morphology. We can expect the suppression of microcrystallization or aggregation of host molecules, which could provide carrier trapping sites, and excess charge carriers 25 to result in interaction with molecular excitons and their nonradiative decay. 26 In conclusion, we developed highly durable OLEDs by extending the doping sites; the doping of both HTL and EML. To develop these devices further, we should examine a wide variety of host and dopant materials and their combination, while we should clarify the detailed mechanism of the doping that results in the enhancement in device durability. Recently, the OLED devices having double-emitting layer in which HTL and EML were doped with different dopant molecules were reported to show significant device performance.
